A recent communication' described an activity in Escherichia coli extracts which converts hydrogen-bonded circles of X phage DNA to covalently closed circles. In this paper we describe a rapid assay for joining of DNA strands, again based on closure at the ends of X DNA, and utilize it to obtain a purification and characterization of an enzyme catalyzing this activity, the "DNA-joining enzyme."
the label was transferred to TPN with G-6-P dehydrogenase. The TPNH' was converted with E. coli alkaline phosphatase to DPNH3, which was oxidized (with stereospecificity opposite to that of the G-6-P dehydrogenase reaction") with lactic dehydrogenase and pyruvate. The overall yield was 75%0. The specific activity of the H3-DP was 2.7 mc/tmole. P32-DPN (NRPP*RA) was formed from NMN and ax-P32-ATP with DPN pyrophosphorylase purified from hog liver acetone powder (Nutritional Biochemicals Co.) according to Kornberg ."2 The P32-DPN had a specific activity of 0.15 mc/.umole.
Labeled preparations were purified by chromatography on DEAE-cellulose7 (see Fig. 2 ). Assay of DNA-joining enzyme: The assay is based on the joining of two types of X DNA, distinguishable in their response to denaturation. X DNA can reversibly form end-to-end aggregates,'3 here referred to for simplicity as "dimers." Mixed dimers between H3-X DNA and crosslinked (unlabeled) X DNA are first formed. After incubation with the joining enzyme, the DNA is denatured in alkali (which also dissociates hydrogen-bonded dimers) and neutralized. Crosslinked DNA renatures under these conditions while the H3-x DNA does not. Hydroxylapatite is now used to adsorb specifically the native DNA.'4,15 Denatured H3-X DNA adheres only if covalently bonded to cross-linked X DNA. Details of the assay follow.
(a) Preparation of mixed dimers: This step requires a high DNA concentration (to avoid formation of intramolecular hydrogen-bonded circles)'3 and an excess of cross-linked over H3-X DNA (to avoid dimerization of two H3-X DNA molecules, such dimers being nonproductive in the assay). The DNA mixture contains 70 ug/ml of cross-linked X DNA, 7 ,ug/ml of H3-X T)NA (5 X 105 cpm/ml), 0.5 M NaCl, 0.01 M Tris-HCl (pH 8.0), and 1 mM EDTA. Aliquots of 20 JAl are distributed to tubes (before incubation; dimers are very shear-sensitive), which are capped and incubated for 30 min at 500, then chilled. After 10 min settling, the supernatant solution is drawn off and discarded, and another 2 ml of sodium phosphate-formaldehyde solution is added to the tubes. After resuspension, the hydroxylapatite is collected on a glass filter, washed with nine 5-ml portions of 0.11 Ml sodium phosphate buffer (600, pH 6.8), dried, and the radioactivity is determined.
Without dessaturation (alkaline solution added after pH 6.8 buffer) about 70% of the radioactivity adheres to hydroxylapatite. In incubations without enzyme, about 1% adheres. Osic unit of enzyme is defined as that amount which, in the standard assay, renders hydroxylapatiteadsorbable 100% of the radioactivity that adsorbs in the absence of deisaturation. The assay is proportioIial to enzyme or time up to 20% of adsorbed cousIts. With a large excess of enzyme, 35% of the maximum adsorbable radioactivity is retained.
Purification of DNA-joining enzyme: Unless specified, all operations were carried out at 4°. The results of a typical preparation are summarized in Table 1. (a) Preparation of extract: Frozen cells (150 gm) of E. coli B (General Biochemicals, Inc., late log phase, Kornberg medium) were softened with 100 ml of 0.05 M Tris-HCl (pH 8.0) containing nataiit fluids were combined and centrifuged (27,000 g, 90 mim). The supernatant fluid was collected. Three such extracts were pooled (Fraction I, 825 ml and 18 mg/ml protein).
(b) Streptomycin fractionation: Fraction I was brought to a concentration of 10 mg/ml protein with Buffer A. One-third vol of a fresh 10(% solution of streptomycin sulfate (Squibb, USP) was added over 10 miil with stirring. After 10 min on ice, the suspension was centrifuged (27,000 g, 1 hr) and the supernatant fluid was collected (Fraction II, 1880 ml).
(c) Methanol precipitation: To 940 ml of Fraction II at 00 was added 423 ml of absolute methanol (00), with efficient stirring, over 8 min. After 5 min on ice, the suspension was centrifuged (27,000 g, 10 min). The precipitate was promptly drained and dissolved in 500 ml of 0.1 M potassium phosphate (pH 6.8). Two such batches were combined (Fraction III, 1000 ml).
(d) Alumina Cy adsorption: To Fraction III was added 250 ml of a 1:5 dilution of aged alumitia Cy gel (Bio-Rad, 40 mg solids/ml) in 0.01 M potassium phosphate (pH 6.8). The suspension was stirred for 10 min and centrifuged (7000 g, 10 min). The precipitate was resuspended in 800 ml of 0.6 M potassium phosphate (pH 6.8). After 20 min stirring, the supernatant fluid was collected by centrifugation (Fraction IV, 800 ml).
(e) DEAE-cellulose chromatography (pH 8.0): A 10 cm2 X 16-cm column of DEAE-cellulose (Whatman DE-52) was equilibrated with 0.02 M potassium phosphate (pH 8.0). Fraction IV was dialyzed overnight against 30 vol of water. The opalescent dialysate was centrifuged (27,000 g, 15 min) and the supernatant fluid was adjusted to pH 8.0, with efficient stirring, with 1 N KOH (ca. 7 ml), and applied to the column. The column was washed with 20 ml of 0.02 M potassium phosphate (pH 8.0) and eluted with a linear gradient (total volume 2.1) from 0.02 to 0.25 M potassium phosphate (pH 8.0). Enzyme was eluted at 0.16 M buffer (Fraction V, 207 ml).
(f) DEAE-cellulose chromatography (pH 6.0): A 3.8 cm2 X 14-cm column of DEAE-cellulose was equilibrated with 0.02 M potassium phosphate (pH 6.0). Fraction V (203 ml) was dialyzed overnight against 30 vol of the same buffer, applied to the column and washed in with 10 ml of buffer. The column was eluted with a linear gradient (total volume 700 ml) from 0.03 M to 0.27 M potassium phosphate (pH 6.0). Enzyme was eluted at 0.20 M buffer (Fraction VI, 80 ml).
Fraction VI has been stable in storage at 00 (<20% loss in a month). It has also been stored at -20°with similar stability. All experiments below were carried out with Fraction VI.
Other methods: Analytical band centrifugation"'O 18 was carried out in a Spinco model E ultracentrifuge, equipped with a photoelectric scanning system. Band-forming centerpieces"8 (30 mm) were used to layer the sample on the centrifugation medium.
Inorganic phosphate was determined according to Chen et al. '9 Protein was measured by the method of Lowry et al. 20 Radioactive samples were dried on glass filters (Whatman GF/C) and counted with a toluene-base scintillator (Liquifluor; Pilot Chemicals, Inc.).
Dephosphorylation and rephosphorylation of X DNA were carried out according to Wu and Kaiser. 6 Immediately prior to these treatments, DNA (in TE-buffer) was incubated 5 mm at 600 to destroy aggregates,'3 then rapidly chilled to 00. After phosphorylation, samples were dialyzed against 250 vol of 1 M NaCl + TE buffer for 24 hr with 2 changes, then against TE-buffer.
Results.-Identification of cofactor: The activity of partially purified DNA joining enzyme was stimulated by a cofactor found in boiled E. coli extracts. The cofactor activity was acid-soluble, Norit-adsorbable, and was destroyed by periodate but not by semen phosphomonoesterase or E. coli alkaline phosphatase. The cofactor was purified from the perchloric acid-soluble fraction of E. coli cells by successive chromatography oin Dowex-1 chloride (elution with 0.01 N HR ), Dowex-1 formate (ammonium formate gradient), and Dowex-1 formate (formic acid gradient). A single peak of ultraviolet-absorbing material with high cofactor activity was isolated. The ratio of cofactor activity to optical density (260 mM) was constant over the peak (within the error of the assay, ±10%), while the ratio of phosphate or ribose to optical density was constant within 5 per cent (1.0 mole of ribose per mole of phosphate; absorbance at 260 mul, pH 7, 8.9 X 103 per mole of P).
The isolated cofactor was identified as DPN by the following criteria: (1) The absorption spectrum and absorbance at 260 mui (per mole of phosphate or ribose) are identical to those of authentic DPN.21 (2) The cofactor replaces DPN in the oxidation of ethanol by alcohol dehydrogenase with quantitative appearance of the 340 mju absorption peak characteristic of reduced pyridine nucleotides.2' (3) DPN replaces the natural cofactor in the standard assay (and in formation of X covalent circles) with the same Km (based on optical density).
Specificity of cofactor requirement: Half-maximal activity in the linkage assay is found with 3 X 10-8 M DPN. A number of DPN analogues and related compounds, as well as nucleoside di-and triphosphates, have been tested for cofactor activity at concentrations ranging upward from 10-v M (Table 2 ). Of the compounds tested, only thionicotinamide-DPN, and perhaps 3-acetylpyridine-DPN, show activity which cannot be accounted for by contamination with very low levels of DPN. In particular, TPN and TPNH are totally inactive, while DPNH concentrations at least 100-fold higher than that of DPN are required for measurable stimulation. None of the compounds inhibits the activity with DPN markedly.
Properties of the purified enzyme: Activity in the standard assay is dependent on preincubation of the X DNA to form hydrogen-bonded dimers, on 5'-phosphoryl terminated DNA, on DPN, and a divalent metal ion (Table 3) . Dephosphorylation of the DNA termini with alkaline phosphatase resulted in complete loss of activity, which was partially restored by rephosphorylation with polynucleotide kinase. In the absence of added DPN, the activity is about 20-fold lower. The optimal Mg++ concentration is 1-3 X 10-3 M. Mn++ at levels of 2-10 X 10-4 M is slightly more effective than Mg++. Ca++ is inactive at levels of 2-50 X 10-4 M, as are Co++, and Ni++. Zn++ (0.005 M) permits slight activity. The optimal pH range is 7.5-8.0 in Tris-HCl buffer, and near 8.0 in sodium phosphate. Standard assay conditions were used, with 0.1 unit of Fraction VI unless specified. In testing metal ion effects, Mg + + was omitted from the enzyme diluent. Radioactivity adsorbed with enzyme omitted (1%) has been subtracted. For expt. 2, a standard mixture of H3-X DNA and crosslinked X DNA was made. A portion was saved for assay, and the remainder was treated with alkaline phosphatase. A portion of the dephosphorylated DNA was rephosphorylated with polynucleotide kinase (see Methods). DNA samples were adjusted to a common concentration (25 psg DNA/ml) in the formation of mixed dimers.
The purified enzyme is reasonably free of (non-DNA-dependent) DPNase activity (see Table 4 , line 3), and of endonuclease activity by the following test. Less than 10 per cent of X DNA strands were broken (as judged by alkaline band centrifugation) by exposure of X DNA to one unit of joining enzyme (5 ig DNA in 0.1 ml of 0.01 M Tris-HCl, pH 8.0, 3 mM MgSO4, 30 min at 200).
Repair of single-strand breaks in DNA: Pancreatic DNase produces singlestrand breaks in duplex DNA.10, 22 The joining enzyme catalyzes the sealing of such breaks. A sample of X DNA whose alkaline sedimentation constant had been reduced by DNase treatment from 37.1S to 20.9S (approximately 4 breaks per strand by Studier's calibration10) was exposed to DPN and joining enzyme. Its peak sedimentation constant increased to 36.3S, very close to that of unbroken X DNA, although the presence of considerable trailing material indicated that the repair was not complete (Fig. 1) . The sedimentation behavior of the undenatured DNA, at neutral pH, was substantially unchanged by these manipulations.
Similar repair experiments with the T4-induced joining enzyme have been reported by Weiss, Live, and Richardson.
Reaction products of DPN and stoichiometry of the reaction: To determine the fate of DPN in the joining reaction, DPN samples bearing radioactive label in each of the nucleotide moieties were prepared (see Methods) and mixed. Labeled DPN was incubated with joining enzyme in the presence or absence of DNase-treated X DNA, which in this experiment bore approximately 40 breaks per strand. Upon treatment with joining enzyme the mean single-strand length of the DNA increased by a factor of three, as judged by alkaline sedimentation. A DNA-dependent hydrolysis of DPN to NMN and AMP was observed (Fig. 2) . The molar quantities of DPN hydrolyzed, NMN and AMP produced, and single-strand breaks sealed were approximately equal ( Column, 1 cm2 X 20 cm. ADP-ribose, DPNH, and ATP would appear at ca. fractions 76, 85, and 108, respectively, based on control columns. DPNH-X would be expected7 near the AMP peak and would contain H3. Orthophosphate marker was residual in the enzyme fraction. When the pooled AMP32 peak (B, fractions 81-83) was treated with semen phosphomonoesterase, >90% of the phosphate was released from the carrier AMP and >90% of the P32 became Norit-nonadsorbable (<10% of the phosphate from ADP, ADP-ribose, or DPN was released under the same conditions). . Carrier DNA and ATP were added, the product isolated by perchloric acid precipitation, incubated in 0.3 N NaOH (12 hr, 370), reprecipitated twice more, collected on glass filters and counted. Nucleotides were separated by chromatography (Fig. 2) ; 0.43-ml aliquots of incubations 1, 3, and 5 were added to mixtures (0.5 ml) containing calf thymus DNA (250 ,ug) and (in moles) NMN (0.77), DPN (0.30), AMP (0.33), and ADP (0.55). After precipitation of the DNA with cold 0.33 M perchloric acid, neutralization with KOH and removal of KC1O4, the acid-soluble fraction was diluted 25-fold with H20 and chromatographed. Recovery of radioactivity from the columns was 71-83% of the isotopes added to the incubations. The only radioactivity not retained by the columns was 2.1 jajmoles of H3 in no. 5.
Nature of the DNA linkage formed: To characterize the nature of the covalent linkage, the sites to which the joining enzyme attaches the 5'-phosphoryl termini of X DNA were determined. Termini were labeled6 with P32; after enzymatic linkage of the dimers, the mixture was denatured and treated with alkaline phosphatase to remove unreacted label. Of the label affixed by polynucleotide kinase, 15 per cent was rendered phosphatase-insusceptible after exposure to joining enzyme. If disaggregation of dimers preceded addition of joining enzyme, 5 per cent of the X DNA was labeled at its 5'termini with P32 (see Methods) and dialyzed exhaustively against 1 M NaCl + TE buffer, then against 0.5 M NaCl + TE buffer, incubated 30 min at 500 to form dimers, and dialyzed overnight at 00 against 0.05 M NaCl + TE buffer. To this DNA (75 jag, 1.3 X 104 cpm) were added (final vol = 2.0 ml) the other components of the standard assay and joining enzyme (95 units). After 60 min at 200, the mixture was chilled and 3 ml carrier DNA (2 mg/ml, salmon sperm DNA, Calbiochem) was added. DNA was precipitated and washed,0 dissolved in 10 ml 0.1 label was insusceptible to phosphatase; if treatment by the joining enzyme was omitted <0.5 per cent was insusceptible. The product was then digested with specific DNases and phosphodiesterases either to 3'-or to 5'-deoxyribonucleotides. The susceptibilities of these digests to semen phosphomonoesterase or 5'-nucleotidase (Table 5) indicated that the label was present as 3'-or 5'-deoxyribonucleotides in the respective digests. Barring novel specificities in the various hydrolytic enzymes employed, these data strongly suggest that the DNA-joining enzyme forms 3'-5'-phosphodiester bonds. Summary and Discussion.-Covalent joining of DNA strands, catalyzed by an enzyme purified from E. coli, requires: (1) DPN as cofactor; (2) a 5'-phosphoryl terminus on the DNA; (3) 5'-and 3'-DNA termini in hydrogen-bonded juxtaposition. The strands become joined through a 3'-5'-phosphodiester bond, while the DPN is cleaved to AMP and NMN.
While no details of the reaction mechanism are presently known, a plausible scheme might involve formation of a pyrophosphoryl bond between one half of DPN (either AMP or NMN) and the 5'-terminal phosphoryl group of the DNA, with ensuing nucleophilic attack on this linkage by the 3'-terminal hydroxyl group of the juxtaposed DNA strand. Since the related enzyme from T4-infected cells uses ATP as cofactor, it is tempting to suppose a common mechanism, involving the intermediate formation of an adenylyl-5'-phosphoryl terminus on the DNA.
We are indebted to Drs. B. Olivera and I. R. Lehman for sending us a copy of their manuscript in advance of publication.
The abbreviations used in this paper are those described in J. Biol. Chem.
